Response to the alarm pheromone, (E)-b-farnesene, produced by many species of aphids, was assessed in laboratory bioassays using an aphid pest, Myzus persicae (Sulzer), and its primary endoparasitoid, Diaeretiella rapae (McIntosh). This was done in three separate studies, the first investigating responses of a large number of M. persicae clones carrying different combinations of metabolic (carboxylesterase) and target site (kdr) insecticide resistance mechanisms, and the other two investigating the responses of young virgin female adult parasitoids. In M. persicae, both insecticide resistance mechanisms were associated with reduced repellence suggesting that each has a pleiotropic effect on aphid behaviour. In contrast, D. rapae females were attracted to the alarm pheromone source. The implications of this apparent fitness trade-off for the evolution and dynamics of insecticide resistance, and the potential for using beneficial insects to combat resistance development are discussed.
Introduction
Insecticide resistance is an evolutionary adaptation of great practical and economical significance. Not only have resistant insect species increased greatly in number in recent years, but the severity and geographical extent of some resistance problems has expanded dramatically in the last few decades (Denholm & Devine, 2001) . Research into the fundamental and practical aspects of resistance is essential for combating its spread and for developing more effective insecticide management practices (McKenzie, 1996) . In some cases these may be assisted by the fact that resistance is an example of rapid evolution within insect populations based on strong selection imposed by pesticides. This process apparently favours resistance mechanisms that incur significant fitness costs in the absence of pesticides. Management efforts should therefore take advantage of such associated drawbacks.
The peach-potato aphid, Myzus persicae Sulzer (Hemiptera: Aphididae) poses one of the greatest resistance problems of any crop pest. Long-term research has succeeded in characterizing several major mechanisms of insecticide resistance in this species, and in generating rapid techniques for diagnosing resistance genotypes for work on the population genetics of resistance (Devonshire et al., 1998; Foster et al., 2000 Foster et al., , 2002 .
There are three primary resistance mechanisms known in M. persicae. The first was discovered in the 1970s and is a detoxification mechanism based on the overproduction of two closely-related (E4/FE4) carboxylesterases, which confer resistance primarily to organophosphate (OP) insecticides (termed carboxylesterase resistance) (Devonshire & Moores, 1982; Field et al., 1988) . The second, discovered in the late 1980s, is a target site mechanism (termed MACE, modified acetylcholinesterase) conferring resistance specifically to the di-methyl carbamates, pirimicarb and triazamate (Moores et al., 1994; . The third, discovered a decade later, is also a target site mechanism (termed knockdown resistance or kdr) based on a point mutation of a voltage gated sodium channel gene that confers cross-resistance to pyrethroids and DDT (Martinez-Torres et al., 1999) .
Studies with M. persicae suggest that insecticide-resistance genes can have pleiotropic, detrimental effects on aphid survival (Foster et al., 1996) and behaviour (Foster et al., , 2003a in the absence of insecticides. One potentially important effect is a greatly reduced response to the alarm pheromone, (E)-b-farnesene, associated with carboxylesterase resistance and kdr (Foster et al., , 2003b ). This pheromone is released from the cornicle secretions exuded by many aphid species, particularly in the subfamily Aphidinae, when disturbed by natural enemies such as parasitoids and predators (Pickett et al., 1992; Hardie et al., 1999) . Release of the pheromone causes neighbouring aphids to respond by withdrawing their stylets from the plant and dispersing away from the pheromone source. The chemical ecology of multi-trophic interactions between beneficial insects and aphids on host plants has been extensively assessed for potential exploitation in biological control programmes (Pickett et al., 1991; Bottrell & Barbosa, 1998; Poppy & Powell, 2004) . However, there is limited knowledge of how these interactions may influence the evolution and dynamics of insecticide resistance in pest populations. Furthermore, the effect of some semiochemicals on the foraging behaviour of natural control agents remains unclear. One possible volatile olfactory cue, assessed previously in preliminary behavioural studies on a ladybird, Coccinella septempunctata Linnaeus (Coleoptera: Coccinellidae) (Abassi et al., 2000) , and a parasitoid, Aphidius uzbekistanicus Luzhetski (Hymenoptera: Braconidae) (Micha & Wyss, 1996) , is (E)-b-farnesene itself.
This paper describes a laboratory-based study investigating in more detail the responses of insecticide-susceptible and -resistant M. persicae nymphs to (E)-b-farnesene and two separate laboratory-based studies assessing how (E)-bfarnesene affects the foraging behaviour of adult females of the parasitoid Diaeretiella rapae (McIntosh) (Hymenoptera: Braconidae). The M. persicae study involved bioassays on a large number of kdr and non-kdr aphid clones, with diverse origins, representing all the carboxylesterase resistance categories. The two studies of parasitoid responses used a sophisticated, automated image-tracking system to record and analyse a range of different foraging behaviours in the presence and absence of (E)-b-farnesene over varying time periods. These aimed to establish whether D. rapae uses this alarm pheromone as a kairomone to aid host location during short-range foraging. The potential implications of the results on the rate of host encounters and successful attack by parasitoids on insecticide-susceptible and -resistant aphids, leading to a fitness trade-off for resistance, are discussed.
Materials and methods

Rearing of Myzus persicae clones and diagnosis of insecticide resistance mechanisms
All experiments and insect-rearing regimes used Chinese cabbage (Brassica napus L. var chinensis cv. Wong Bok) as host (table 1) . Clones were originally established from individual ancestral females collected at different times from widely-dispersed populations located in the UK and mainland Europe. Each clone was maintained parthenogenetically in the laboratory on excised leaves in small plastic box-cages (Blackman, 1971) , under a 21 C, longday (16 h light/8 h dark) regime to ensure no sexual forms were produced. New generations of each clone were set up several times a week by adding four young adult apterae, using a wetted fine paintbrush, to each box and leaving them to produce about 15 nymphs over a few days. The parents were then removed leaving age-synchronized cohorts of aphids that could then be used to initiate bioassays and subsequent generations when they became adults. Care was taken when handling aphids to avoid cross-contamination between different clones. Separate rooms were used for aphid rearing and experimentation.
Clonal integrity was checked regularly using an immunoassay (Devonshire et al., 1986) , for the carboxylesterase mechanism, and diagnostic (Field et al., 1997) and real-time PCR molecular assays (Williamson et al., 2003; Anstead et al., 2004) for the kdr mechanism. Long-term experience has shown that these mechanisms usually remain stable in laboratory cultures of parthenogenetic M. persicae clones.
Two clones were classed as carboxylesterase-revertants, i.e. phenotypically carboxylesterase-susceptible through loss of expression of their highly-amplified (carboxylesterase-R 3 level) E4 genes. These clones were used because 'true' carboxylesterase-susceptible aphids, carrying single copies of the carboxylesterase genes, coupled with the kdr mechanism (in either heterozygous or homozygous form), have not been isolated from any M. persicae population studied so far.
Rearing of Diaeretiella rapae and isolation of females
A laboratory culture of D. rapae, originally isolated from a UK sample of 30 females and 20 males collected in 1995, was maintained on a fully insecticide-susceptible clone of M. persicae supported on Chinese cabbage plants for a minimum of six generations prior to the start of experimentation. Rearing took place under optimal conditions of 21 C and a long-day (16 h light/8 h dark) regime in wood-framed cages (60 cm highr28 cm wider53 cm deep) enclosed with glass on the top and door and fine-mesh nylon gauze on the remaining sides. For each parasitoid generation, three 2-week old plants were transferred to a new cage and inoculated with three excised leaves supporting abundant M. persicae adults and nymphs. Several days later, at least 50 adult male and female parasitoids were added from an older cage. Under these conditions, parasitoid generation time was approximately two weeks with aphids showing clear signs of parasitism (mummies) after about 10 days.
To ensure the availability of adult parasitoid females for experiments, individual aphid mummies were cut from plants and isolated, on small sections of leaf, in small glass vials, sealed with cork bungs. These were then stored vertically under the same conditions used for rearing. The vials were checked for parasitoid adult emergence every subsequent morning and afternoon. Any adults that had eclosed were sexed and the females allowed to feed from small pieces of compacted tissue paper soaked with 20% honey solution that were added to each vial after female emergence. Virgin, inexperienced parasitoids were used in all the studies to eliminate any potential heterogeneity in behaviour that may be caused by post-emergence contact with aphids or other parasitoids.
Response of Myzus persicae clones to aphid alarm pheromone
Aphid response to synthetic alarm pheromone, (E)-bfarnesene, applied at a wide range of concentrations was assessed in the absence of insecticides in nine separate experiments. For each aphid clone tested in each experiment (table 1), young adult apterae were transferred, using a fine paintbrush, from the laboratory stock lines to inverted 2-cm diameter Chinese cabbage discs (4 adult apterae per disc) held on 1.1% agar inside small plastic pots (Gregory and Co. Ltd, UK). The upper sides of these pots were coated with Fluon (Whitford Plastics, UK) to prevent escape. They were then left at 21t1 C overnight to allow the aphids to settle and produce first instar nymphs. The adults were removed next morning leaving synchronized cohorts of settled firstinstar offspring at similar densities on each disc (between 15 and 20 individuals). Each replicate cohort was then assessed for response to synthetic alarm pheromone, ranging in concentration from 0.0001 to 10 mg (E)-b-farnesene ml x1 in hexane, applied in a 1 ml droplet to the central part of each leaf disc with a fine-needle syringe. Aphid behaviour was observed for 2 min using a binocular microscope. Previous experiments had shown that this period is sufficient to elicit all behavioural responses (Foster et al., 2003b) . Nymphs that withdrew their stylets and walked away from the pheromone source were scored as being repelled. Control treatments with 1 ml droplets of hexane alone did not stimulate aphid movement. Each replicate batch of nymphs was tested once and then discarded. Between three and nine replicates in total were tested at each concentration against each clone.
Response of Diaeretiella rapae to aphid alarm pheromone (two-period study)
A range of different foraging behaviours of virgin parasitoid females in response to the presence of varying amounts of synthetic aphid alarm pheromone ((E)-b-farnesene), administered in hexane, was assessed. In each trial, a shallow-sided 5 cm-diameter Perspex Petri-dish (Sterilin, UK) was positioned on a white background situated under a bright white light source supplied by six horizontal fluorescent tubes (about 1 m above the Petri dish), at a room temperature of 21 C. A single virgin D. rapae female, between one and three days old, was then introduced, using an aspirator, to the edge of the Petri dish and the lid replaced. The movement of this parasitoid over a 5-min period was then recorded and stored as an electronic track (period 1). Recording was done using a black and white video camera, positioned above the Petri dish, connected to automated image-tracking and analysis software (Ethovision 1 2.3, Noldus Information Technology, Netherlands) which followed the centre of gravity of each parasitoid. At the end of the initial five minute period, the Petri dish lid was removed, a small circular disc (0.5 cm in diameter) of white filter paper (Whatman No. 1) placed at Response to aphid alarm pheromone the centre of the base using fine watch-maker's tweezers and one of the following five treatments administered.
The lid was immediately replaced (control treatment).
2. A 3 ml droplet of hexane was added to the filter paper disc and the lid was replaced (solvent control treatment). 3. A 3 ml (0.1 mg ml x1 in hexane) droplet of (E)-b-farnesene was added to the filter paper disc and the lid was replaced. 4. A 3 ml (1.0 mg ml x1 in hexane) droplet of (E)-b-farnesene was added to the filter paper disc and the lid was replaced. 5. A 3 ml (10 mg ml x1 in hexane) droplet of (E)-b-farnesene was added to the filter paper disc and the lid was replaced.
These alarm pheromone concentrations, spanning two orders of magnitude, were used because they gave good discrimination in the M. persicae bioassays of the extreme-R 3 carboxylesterase and kdr forms, and 3 ml droplets were used as they were sufficient to soak each filter paper disc. The movement of the parasitoid after treatment was recorded for a further 5 min and stored as a separate electronic track (period 2). The parasitoid and the Petri dish were then discarded. Treatments (1-5) were applied in random order within nine separate experiments assessing a total of 45 different parasitoids (i.e. 45 trials).
Various parameters were calculated for each track, incorporating an electronic filter to exclude any parasitoid movement of less than 0.3 cm (the average length of a female parasitoid) between consecutive image samples. This filter was used to avoid any over-calculation of the position and amount of movement of each parasitoid that can occur due to motion of protruding body parts, e.g. antennae or legs, during very slow movement or stationary behaviour such as grooming. A calibrated circular arena, coinciding with the edge of the Petri dish, and an inner central circular zone (1.6 cm in diameter) were added to the tracking programme ( fig. 1 ). The latter was used to assess any proximal positioning of each parasitoid in relation to the filter paper disc. The parameters calculated for each parasitoid track in periods 1 and 2 were: (i) physical contact with the filter paper disc (yes/no stored as 1/0); (ii) % time spent in the central zone (i.e. time spent in close proximity to the filter paper disc); (iii) mean distance from the centre of the filter paper disc (cm); (iv) total distance travelled (cm); (v) mean turn angle/change in direction of movement between consecutive samples (deg); (vi) mean angular velocity/ change in direction of movement per unit time (deg sec x1 ); and (vii) mean meander/amount of turning per unit distance (deg cm x1 ). For the few tracks in which the total distance moved by the parasitoid was less than 3 cm, parameters (v), (vi) and (vii) were not included in the final analysis as preliminary observations showed that they were artificially inflated under these circumstances.
Response of Diaeretiella rapae to aphid alarm pheromone (five-period study)
This study involved experiments using similar methods and parameters as the previous two-period study with an additional assessment of whether the parasitoid flew at any point in each period. In each experiment, parasitoid behaviour was again recorded in the absence of any treatment for an initial 5 min period (period 1) and subsequent observations were done after addition of either of the two control treatments (untreated or treatment with a 3 ml hexane droplet alone) or treatment with alarm pheromone only at the highest alarm pheromone concentration, (i.e. (E)-b-farnesene at 10 mg ml x1 in a 3 ml droplet of hexane) as this had elicited the greatest responses in the two-period study. However, in contrast to the previous study, behaviour was assessed over five periods (stored as separate tracks for each period for each parasitoid replicate). Treatment of the disc took place, in an area isolated from the bioassays, about 20 seconds before placement in the Petri dish arena. This allowed parasitoid behaviour to be assessed in the total absence of the carrier solvent as all of the hexane would have evaporated prior to the addition of each disc (L. Wadhams, personal communication). In each experiment, each of the three treatments were applied in random order in two consecutive sets (i.e. set 1 of the treatments in random order followed by set 2 of the treatments in random order). Twenty separate experiments, assessing a total of 120 parasitoids (i.e. 120 trials), were done.
Statistical analysis
Generalized linear models were fitted to the proportions of aphids in each replicate responding to alarm pheromone at each concentration, including combinations of effects for clones, experiments, kdr genotype and mean log 10 carboxylesterase activity of each clone. Probit transformation and an accumulated analysis of deviance were used to summarize the fit of the models. Effects of kdr were tested as x 2 values using an analysis of deviance adjusted for the over-dispersion of the binomial data. Effects of carboxylesterase resistance were tested by regressions of response on mean carboxylesterase activity for the three kdr genotypes separately and collectively.
Behavioural responses of female parasitoids were analysed using ANOVA incorporating adjustments for parasitoid age, replicate and experiment.
Central zone
Filter paper disc 5 cm 1.6 cm Arena boundary Fig. 1 . Petri-dish layout and dimensions for studies assessing response of Diaeretiella rapae females to synthetic aphid alarm pheromone.
Results
Response of Myzus persicae clones to aphid alarm pheromone
The fitted mean responses of the kdr-SS, -SR and -RR M. persicae genotypes are shown in fig. 2a, b and c, respectively. Alarm response tended to increase with higher (E)-b-farnesene concentrations for all the clones. However, this appeared to tail off slightly in most cases at the highest concentration of this compound (10 mg ml x1 in hexane). In order to make valid comparisons for carboxylesterase resistance and kdr genotype, the two carboxylesterase-revertant clones, 794Jrev and 923A, were initially excluded from the analysis because they could be categorized as either phenotypically carboxylesterase-S or genotypically carboxylesterase-R 3 . Adjusting initially for carboxylesterase resistance level, alarm response was strongly associated with kdr genotype, with kdr-SS showing the strongest responses (F 2,961 = 205, P<0.001) ( fig. 2a-c) ; the differences between kdr genotypes being as follows:
SS vs. SR: t 961 = 2.49, P = 0.013 SS vs. RR: t 961 = 9.02, P < 0.001 SR vs. RR: t 961 = 5.44, P < 0.001
Carboxylesterase resistance (adjusted for kdr effects) was also strongly inversely associated with response (overall slope: x0.61, s.e. = 0.05, P<0.001). An equivalent comparison within each kdr genotype also gave a highly significant inverse association for the kdr-SS genotypes (slope: x0.71, s.e. = 0.05, P<0.001), which appears to have resulted primarily from the lower responses of the carboxylesterase-R 3 clones, suggesting a possible 'threshold' effect. A similar, but weaker, significant inverse association was seen within the kdr-SR genotypes (slope: x0.21, s.e. = 0.11, P = 0.048) and a weak positive association was seen within the kdr-RR genotypes (slope: 1.03, s.e. = 0.51, P = 0.044).
Adding the two carboxylesterase-revertant clones, 794Jrev and 923A, to the model revealed that they affiliated well with the other kdr-RR clones (T1V, 794J, 951A and 2043B) that had retained expression of their amplified carboxylesterase genes ( fig. 2c ) rather than the 'true' carboxylesterase-susceptible clones (DS, 525A, 542A, US1L and 4106A) carrying single copies of these genes ( fig. 2a) .
Mean parasitoid responses for each parameter in period 1 and period 2 are shown in fig. 3 . None of the parameters in period 1 showed significant differences in response amongst the five different treatments. Furthermore, none of the parameters in period 2 gave significant differences in response between no treatment and treatment with hexane alone (the two controls). These responses were therefore all pooled for each parameter (i.e. all treatments in period 1 plus no treatment and treatment with hexane in period 2) and statistically compared to the responses to treatment with 0.1, 1.0 or 10 mg ml x1 (E)-b-farnesene in hexane in period 2. This gave significant differences in a number of the parameters. A significantly greater proportion of parasitoids touched the filter paper disc after exposure to alarm pheromone (P < 0.001) and this response was positively associated with (E)-b-farnesene concentration ( fig. 3a) although 0.1 mg ml x1 (E)-b-farnesene did not appear to elicit a response. This pattern was repeated for percentage time spent by parasitoids in the central proximal zone immediately surrounding the disc (P < 0.001) ( fig. 3b) . Furthermore, parasitoids exposed to alarm pheromone showed significantly shorter mean distances to the disc (P < 0.001) ( fig. 3c ) compared to the controls, with those exposed to the highest concentration (10 mg ml x1 ) tending to remain closest. Exposure to alarm pheromone elicited significantly greater overall distances moved by the parasitoids (P < 0.001) ( fig. 3d ) coupled with greater mean turn angles (P = 0.002) ( fig. 3e) . Mean angular velocity (P = 0.63) and mean meander (P = 0.28) were not significantly affected by exposure to (E)-b-farnesene ( fig. 3f  and g, respectively) . 
. Fitted mean response to alarm pheromone of Myzus persicae clones with (a) kdr-SS, (b) kdr-SR and (c) kdr-RR genotypes (study 1). Each clone is placed into one of the five esterase resistance categories: either est-S (Á Á Á), est-R1 (---), est-R2 (---), est-R3 (-) or est-S revertant (-).
The mean responses of the parasitoids for each parameter in each of the five periods are shown in fig. 4 . None of the parameters in period 1 showed significant differences amongst the three treatments.
At no time did parasitoids physically touch the central filter paper discs that had received no treatment or treatment with hexane alone. However, in the replicates involving treatment with 10 mg ml x1 (E)-b-farnesene in hexane, one of the parasitoids touched a disc in period 2, one in period 3, three in period 4 and three in period 5. This suggests that they were being attracted to the alarm pheromone. Individual comparison of the mean predicted values for each of the remaining parameters (whether parasitoids flew, percentage time spent in proximal central zone surrounding the disc, mean distance to the disc, total distance moved, mean turn angle, mean meander and mean angular velocity) over all five periods showed non-significant differences between the two control treatments. These were therefore pooled within each parameter and compared with treatment with 10 mg ml x1 (E)-b-farnesene in hexane. Females exposed to alarm pheromone flew short distances significantly more often (P < 0.001) ( fig. 4a) , spent significantly greater time in the proximal zone surrounding the disc (P < 0.001) ( fig. 4b ), remained significantly closer to the disc (P < 0.001) ( fig. 4c ), travelled significantly further (P < 0.001) ( fig. 4d) , showed significantly greater turn angles (P = 0.003) ( fig. 4e ) and significantly greater amounts of meander (P = 0.009) ( fig. 4f ). There was no significant difference for angular velocity ( fig. 4g ). Changes over time were measured by linear slopes fitted through the data. Comparisons were initially made for each parameter between the two control treatments to assess whether they could be pooled and subsequently compared to treatment with 10 mg ml x1 (E)-b-farnesene. These gave significantly different slopes in one of the seven parameters; namely a greater slope for no treatment in the proportion of parasitoids that flew (P < 0.01) ( fig. 4a ). Separate comparisons of treatment with 10 mg ml x1 (E)-b-farnesene were therefore made with the two controls in this case. These both showed a significantly greater positive slope for parasitoids exposed to alarm pheromone (P < 0.01). Comparisons between the control treatments for the remaining parameters showed non-significant differences. These were therefore pooled within each parameter and then compared with parasitoids exposed to 10 mg ml x1 (E)-b-farnesene. Significantly greater positive, negative and positive slopes were seen respectively for time spent in the proximal zone surrounding the disc (P < 0.001) ( fig. 4b ), distance to the disc (P < 0.001) ( fig. 4c ) and total distance moved (P < 0.001) ( fig. 4d ). There were non-significant differences in slopes for mean turn angle (P = 0.78) ( fig. 4e ), mean meander (P = 0.68) ( fig. 4f ) and mean angular velocity (P = 0.45) ( fig. 4g ).
Discussion
Current and previous studies of the pleiotropic effects of resistance genes (Foster et al., 1996 (Foster et al., , 2003a provide a valuable insight into the fundamental processes underlying their evolution, which often occurs over very short timescales. In effect, this process appears to represent a classic case of 'forced evolution' which can produce mechanisms potentially carrying negative pleiotropic effects on fitness in the absence of selection by insecticides, particularly under times of stress. Normally, the evolution of characters that are highly-adapted to a range of environments is thought to take a long time (McKenzie, 1996) .
The results of the current study assessing the response of numerous M. persicae clones with diverse origins to the aphid alarm pheromone, (E)-b-farnesene, fully support the findings of a previous, more limited study (Foster et al., 2003b) . The accumulated data present sound evidence that both carboxylesterase and kdr insecticide resistance mechanisms independently have inhibitory, pleiotropic effects on the level of aphid response to alarm pheromone. The consistency across clones with each genotype implies the lack of involvement of other genes that do not confer insecticide resistance. Furthermore, the use of clones differing in both carboxylesterase level and kdr genotype enabled a clear resolution of the impact of each mechanism. The results of the current study also confirm the previous observation (Foster et al., 2003b ) that carboxylesterase-revertant clones, carrying R 3 levels of unexpressed esterase genes, do not affiliate with true carboxylesterase-susceptible forms but instead show similar alarm responses to clones expressing R 3 levels of carboxylesterase. This association has also been observed for other pleiotropic effects involving movement from senescing leaves (Foster et al., , 2003b and winter survival of asexual forms (Foster et al., 1996) . These observations tentatively suggest that reduced aphid alarm response, movement and survival may not be a direct phenotypic consequence of carboxylesterase overproduction, but rather may be due to the physical presence of extremely-amplified carboxylesterase genes, which could impair nerve function through some form of disruption to the genome (Foster et al., 1996 (Foster et al., , 2003b similar to disruptions known to be imposed by transposable elements (Ostertag & Kazazian, 2001) .
Both kdr heterozygotes and homozygotes showed dramatically reduced responses to alarm pheromone compared to non-kdr aphids. However, heterozygotes were slightly more responsive than the homozygotes, possibly as a result of the former only carrying one mutated allele and therefore producing fewer altered sodium channel proteins. Interestingly, kdr and super-kdr mutations incorporated into the insect para gene and expressed in vitro using Xenopus Response to aphid alarm pheromone oocytes confer resistance through reduced sensitivity of the channel protein to pyrethroids and DDT (Vais et al., 2001) . Such mutations almost certainly have the same function across a wide range of insect pests. However, in addition to making sodium channel proteins less sensitive to certain insecticides, these mutations also alter their normal gating properties resulting in an elevation in action potential thresholds that, in vivo, would cause a general reduction in the excitability of an insect's nervous system (Smith et al., 1997; Vais et al., 1997 Vais et al., , 2000 Lee et al., 1999) . In M. persicae at least, this appears also to affect the way that insecticideresistant individuals respond to a potentially important external stimulus for survival, the alarm pheromone (E)-b-farnesene. In addition to previous studies of aphid movement from senescing leaves (Foster et al., , 2003b , associations between resistance and changes in other important aphid behaviours, such as response to sex pheromones, may also exist and merit investigation.
The automated image-tracking and analysis software used in the studies on D. rapae allowed the most comprehensive analysis to date of parasitoid foraging behaviour in response to aphid alarm pheromone. No significant changes in any of the parameters studied were evident after exposure to either the untreated control filter paper discs or discs treated with hexane in either the two-or five-period studies. This suggests that neither the discs themselves nor the carrier solvent affected any of the variables studied. The addition of (E)-b-farnesene, however, dramatically changed several parasitoid behaviours in ways that are highly indicative of attraction to this alarm pheromone. Micha & Wyss (1996) reported that another parasitoid species, A. uzbekistanicus, responded to aphid alarm pheromone in Y-tube olfactometer bioassays.
In the two-period study, which assessed D. rapae females over an initial 'unexposed' period and a period immediately after the control treatments and treatment with 0.1, 1 or 10 mg ml x1 (E)-b-farnesene, parasitoids were more likely to physically touch the discs when (E)-b-farnesene was added at the latter two concentrations with the highest concentration stimulating the greatest number of contacts. (E)-bfarnesene applied at the lowest concentration did not appear to elicit a response, but it is possible that allowing females an oviposition experience would heighten this responsiveness to low concentrations (Micha & Wyss, 1996) . This suggests that, within the range of concentrations used, attraction of parasitoids was not retarded by higher concentrations and that (E)-b-farnesene concentration gradients existed in the Petri dish arenas, i.e. the arenas were not uniformly odorous. Parasitoids also spent a greater percentage of time in the zone immediately surrounding discs treated with (E)-bfarnesene, and remained, on average, closer to these discs throughout the period, with the level of attraction tending to increase with increasing (E)-b-farnesene concentration. Parasitoids moved significantly greater total distances compared to the untreated controls, suggesting that they were more stimulated. They also showed significantly tighter turn angles, a behaviour known to occur when individuals are actively searching for hosts (van Alphen & Jervis, 1996) . Both these changes in behaviour will increase the probability of host encounters in the vicinity of the foraging cue (Kennedy, 1978) . Highly significant changes in behaviour were also seen for most of the measured foraging parameters when parasitoids were exposed to alarm pheromone in the five-period study, which also assessed D. rapae females over an initial 'unexposed period', but then for an extended time over four periods immediately after the treatments had been added to the arena. Mean responses over the five periods were significantly greater for all but one of the behavioural parameters assessed. These findings again strongly suggest that parasitoids were attracted to the alarm pheromone source, displayed active searching behaviour and tended to be more behaviourally stimulated. Also, assessments of changes in behaviour over time gave significantly greater positive slopes for treatment with alarm pheromone compared to the control treatments for most of the parameters (parasitoid flight, percentage time spent in the zone immediately surrounding the disc and total distance moved) and a significantly greater negative slope for mean distance to disc, strongly suggesting that parasitoids became more attracted to (E)-b-farnesene with time even up to 20 min after exposure to discs treated with this compound. In these cases, therefore, there was no evidence of habituation to the stimulus over the period of observation. However, this was not apparent for turn angle, meander and angular velocity, despite the fact that the mean values for turn angle and meander were significantly greater when parasitoids were exposed to (E)-b-farnesene. These parameters, therefore, did not appear to be time-dependent.
In addition to establishing that D. rapae females use (E)-bfarnesene as a kairomone, our findings suggest that the number of successful encounters of D. rapae, and possibly other parasitoid species, with high carboxylesterase and kdr forms of M. persicae may be enhanced by their reduced sensitivity to the alarm pheromone. In pest management terms, this finding could clearly exert a significant influence on the selection and dynamics of resistance in M. persicae populations, particularly when coupled with the possibility that differences in the quality of insecticide-resistant and -susceptible aphids as parasitoid hosts may result in variation in other traits such as parasitoid oviposition rates, developmental survival or adult sex ratios. Such influences are likely to be most obvious in the absence of insecticide selection pressure. It is therefore of note that in the UK the incidence of M. persicae carrying very high levels of carboxylesterase resistance consistently fell over several years subsequent to the intense insecticide applications made in 1996 against a serious outbreak of these aphids on a range of field crops (Foster et al., 2002) . This was probably, at least in part, due to various fitness costs acting against this form of resistance when selection by insecticides was relaxed. In contrast, the potential fitness costs imposed by the kdr mechanism, even in the heterozygous state, appear not to have led to a similar dramatic decline in kdr frequencies in UK field populations of M. persicae, as kdr phenotypes appear to have remained relatively common in recent years (Foster et al., 2002) . This may be due to the extensive use of pyrethroids over this period (MAFF Pesticide Usage Survey, 1999), which is likely to have imposed strong selection for resistance countering any pleiotropic behavioural effects associated with this mechanism.
There appears to be great potential for extending the use of beneficial insects, such as parasitoids, in IPM programmes particularly in protected environments in order to combat insecticide resistance. In theory such approaches, which are gaining greater scientific and political support, could be aided by either application of synthetic alarm pheromone to crops or genetic manipulation of crops to produce alarm pheromone themselves, as plants which release chemical attractants can stimulate increased parasitism (van Emden, 1986) . Parasitoids could then be released and attracted more specifically to aphids around the pheromone source, where they could preferentially attack insecticide-resistant forms. The remaining insecticide-susceptible aphids could then more easily be controlled with an application of any aphicide that is less damaging to non-target species. In the first instance the possibility that genetically-engineered plants can act synergistically with parasitoids could be tested using Arabidopsis as a model plant species (Poppy & Powell, 2004) .
In conclusion, the findings presented in this paper collectively raise the intriguing hypothesis that metabolic and target-site insecticide resistance mechanisms in crop pests can both impose strong adverse selection through pleiotropic effects resulting in greater vulnerability to parasitoids, and possibly predators such as ladybirds and hoverfly larvae. Although the presence of such fitness 'trade-offs' associated with insecticide resistance have been reported in several pest species, occurring primarily during overwintering periods (Daly & Fitt, 1990; McKenzie, 1990; Foster et al., 1996) , the possibility of them being expressed through interactions with species at other trophic levels has not been investigated to date. These questions are being addressed in ongoing studies, exposing insecticide-susceptible and -resistant M. persicae to parasitoids at different spatial scales.
